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A B S T R A C T
Understanding the molecular diﬀerences in plant genotypes contrasting for heat sensitivity can provide useful
insights into the mechanisms that confer heat tolerance in plants. This study focuses on comparative physio-
logical and proteomic analyses of heat-sensitive (ICC16374) and heat-tolerant (JG14) genotypes of chickpea
(Cicer arietinum L.) under heat stress impositions at anthesis. Heat stress reduced leaf water content, chlorophyll
content and membrane integrity with a greater impact on the sensitive genotype compared to the tolerant one
that had higher total antioxidant capacity and osmolyte accumulation, and consequently less oxidative damage.
This study identiﬁed a set of 482 heat-responsive proteins in the tolerant genotype using comparative gel-free
proteomics. Besides heat shock proteins, proteins such as acetyl-CoA carboxylase, pyrroline-5-carboxylate syn-
thase (P5CS), ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), phenylalanine ammonia-lyase (PAL)
2, ATP synthase, glycosyltransferase, sucrose synthase and late embryogenesis abundant (LEA) proteins were
strongly associated with heat tolerance in chickpea. Several crucial proteins were induced by heat exclusively in
the heat-tolerant genotype. Comparative proteome proﬁling and pathway analysis revealed mitigating strategies
including, accumulation of osmoprotectants, protected membrane transport, ribosome and secondary metabolite
synthesis, activation of antioxidant and defense compounds, amino acid biosynthesis, and hormonal modulation
that might play key roles in chickpea heat tolerance. This study potentially contributes to improved stress re-
silience by advancing our understanding on the mechanisms of heat tolerance in chickpea.
1. Introduction
Due to the ongoing climate change, rise in atmospheric temperature
could be detrimental to plant growth. Heat stress causes inactivation of
enzymes associated with various metabolic pathways, increases ﬂuidity
of membrane lipids, and results in protein denaturation and aggrega-
tion, that eventually lead to reduced growth and development.
Nevertheless, plants respond to such stresses by reprogramming their
proteins to ensure a steady state of vital metabolic processes that help
them survive and function under stress conditions (Bokszczanin and
Fragkostefanakis, 2013).
Chickpea (Cicer arietinum L.) is a cool-season, high-protein crop that
complements cereal-based diets. Additionally, it is an important rota-
tional crop due to its ability to symbiotically ﬁx nitrogen. However, it is
vulnerable to high temperatures (≥35 °C), especially at the re-
productive stage (Young et al., 2004; Zinn et al., 2010; Devasirvatham
et al., 2012a,b). Loss of pollen viability has been observed in many
sensitive crops, including chickpea, as the main cause for reduced yield
under heat stress (Sato et al., 2006; Devasirvatham et al., 2012a;
Kaushal et al., 2013). This is mainly due to reduced accumulation of
carbohydrates and altered source-sink dynamics in pollen grains and
stigmatic tissues due to heat stress. Heat has a direct and detrimental
eﬀect on leaves, which are the major source of photoassimilates, and
hence impacts the grain ﬁlling and biomass of the plant. For example, in
tomato, the reduction of carbohydrates at critical stages of plant growth
and development due to heat stress lead to reduced fruit set and yield
(Sato et al., 2006). Similarly, in cowpea and chickpea, heat stress re-
duces soluble sugars in the anther walls and developing pollen grains
that eventually result in decreased pollen viability (Ismail and Hall,
1999; Devasirvatham et al., 2012a; Kaushal et al., 2013). Indeed in the
semi-arid regions, late-planted chickpea during the postrainy season
matures in early summer when it is often exposed to receding moisture
and heat stress. Moreover, The Intergovernmental Panel on Climate
Change (IPCC) has forecast possible increment in the extreme annual
daily maximum temperatures by about 2–5 °C by the late twenty-ﬁrst
century (http://www.ipcc.ch). Considering these predictions, screening
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for heat-tolerant varieties and deciphering the mechanism of such tol-
erance is imperative for improving chickpea resilience to the impacts of
climate change and for expanding its cultivation even under warmer
climate and late-sown conditions.
While large genetic variations for thermo-tolerance have been ob-
served in chickpea germplasm (Krishnamurthy et al., 2011), the basis of
heat tolerance in contrasting genotypes has not been fully understood.
Very few studies have addressed heat stress mitigating strategies in
chickpea, mainly based on physiological and biochemical analysis
under both in vivo and in vitro heat stress treatments (Kumar et al.,
2012; Kaushal et al., 2013). While a few reports are based on molecular
markers and transcriptomic studies taking lead from model plants like
Arabidopsis thaliana andMedicago truncatula (Aranjuelo et al., 2011; Lan
et al., 2011; Zhu and Provart, 2003; Kudapa et al., 2014), proteomic
studies in legumes have been scanty (Ramalingam et al., 2015). Al-
though the genomics and transcriptomics studies have generated large
data sets, the corresponding proteomics data in genotypes contrasting
to their heat stress responses will be very valuable to draw any con-
clusions from these studies (Ramalingam et al., 2015).
In recent years, proteomic approaches have been successfully used
in unraveling responses to a wide range of abiotic stresses such as cold
(Kosová et al., 2011; Rinalducci et al., 2011; Heidarvand and Maali-
Amiri, 2013), drought (Benesova et al., 2012), heat (Echevarría-
Zomeño et al., 2015), ﬂooding (Mustafa and Komatsu, 2014) and salt
(Hu et al., 2013). Proteomic responses to heat stress have been in-
vestigated in the leaves of a number of food crops like rice, wheat,
barley and maize where many stress-related proteins have been iden-
tiﬁed (Wang et al., 2015; Lee et al., 2007; Ng et al., 2014; Sule et al.,
2004; Li et al., 2013). Up-regulation of heat shock proteins (Hsps) and
antioxidant enzymes has been observed under heat stress in rice leaves
(Lee et al., 2007). In Agrostis, heat response involved changes in pro-
teins related to protection, energy and carbohydrate metabolism, redox
homeostasis, protein synthesis and degradation (Zou et al., 2011). Si-
milarly, Hsps and major proteins related to energy metabolism, redox
homeostasis and signal transduction were shown to be signiﬁcantly
aﬀected by high temperature in radish (Zhang et al., 2013). Despite
similar advancements in soybean, applications of proteomics in ana-
lyzing heat stress tolerance in chickpea have not been reported yet
(Ramalingam et al., 2015).
Gel-free proteomics is a highly sensitive and emerging technique
that overcomes some of the limitations associated with gel-based
techniques such as poor resolution and sensitivity, thereby improving
the throughput and dynamic range of protein analyses. The present
study attempts to understand the molecular basis of physiological re-
sponses to heat stress in contrasting chickpea genotypes by quantitative
analyses of diﬀerentially expressed proteins (DEPs) that are responsible
for heat stress tolerance. Under the current scenario of climate change,
this study is important to enhance our understanding of the adaptation
strategies in chickpea genotypes.
2. Materials and methods
2.1. Plant material and growth conditions
Chickpea (Cicer arietinum L.) seeds of stable heat-tolerant
(ICCV92944 popularly known as JG 14) and heat-sensitive (ICC 16374)
varieties were obtained from ICRISAT mini Core collection. These
genotypes were earlier identiﬁed based on the ﬁeld evaluation and
yield performance under heat stress (Krishnamurthy et al., 2011). Ten
plants each of two genotypes were grown in a glasshouse with one plant
per pot. Initially, three seeds of each genotype were sown in 23-cm pots
containing a mixture of vermicompost, sand and black vertisol soil
(1:2:4), and eventually retaining only one plant per pot. The soil was
prepared by sieving the vertisol through 1-cm wire mesh and mixing
uniformly with diammonium phosphate (DAP) and muriate of potash at
the rate of 0.3 g kg−1 and 0.2 g kg−1 soil, respectively, and pasteurized
twice. Pots were initially saturated with 2 L of water. Owing to diﬀer-
ences in phenology of the two genotypes, these were sown on diﬀerent
dates to synchronize anthesis (35–41 days after sowing (DAS) for ICC
16374 and 39–44 DAS for ICCV92944). The seeds were treated with a
fungicide (Thiram®) immediately before sowing, and the plants irri-
gated every three days. All chemicals used in this study were analytical
grade.
2.2. Heat stress impositions
The selected chickpea genotypes were grown under green house
conditions (27/18 °C day/night temperatures) till ﬂowering (42 and 46
DAS for ICC16374 and ICCV92944 respectively; i.e. 5 days after an-
thesis), following which ﬁve of the initially grown ten plants were
shifted to growth chamber for heat stress treatment. The plants were
exposed to gradual increasing temperatures @ two degrees per day (27/
18 °C until 42/25 °C; day/night) for a period of 8 days thereafter re-
ferred to as heat stressed plants (Devasirvatham et al., 2012a), while
the non-stressed control plants continued to grow in the glasshouse
(27/18° C). The temperature was maintained constantly in the growth
room with a 15 min reciprocal transition period from day to night
temperature. The growth room contained 72% input wattage of
1500 mA cool white ﬂuorescent and 28% input wattage of Sylvania
50W–277 V incandescent lighting. The light intensity (quantum) was
about 320 μmol s−1 m−2 (Light meter model LI-189- Li-Cor, USA)
during 12 h photoperiod (08–20 h) with 75–80% relative humidity.
Careful watering ensured that moisture was not a limiting factor. To
evaluate the eﬀect of high temperature, fully opened young leaves from
2nd node from top were collected from individual plants after 8 days of
incremental heat stress (42/25 °C) along with controls and ﬂash frozen
in liquid nitrogen before storing at −80 °C until further use. For bio-
chemical and proteomic analyses, tissues from three individual plants
per genotype per treatment (heat stressed and controls) were pooled,
and the experiment was replicated thrice for statistical robustness.
2.3. Relative water and chlorophyll contents
The leaf relative water content (RWC), electrolyte leakage and
chlorophyll content were measured at the end of the heat treatment
imposed as described above. RWC (%) was calculated as [(FW− DW)/
(TW− DW)]*100, where FW= Fresh weight, DW= Dry weight, and
TW= Turgid weight (Barrs and Weatherley, 1962). Chlorophyll (Chl)
content was determined by the method described by Arnon (1949).
Fresh leaf samples (0.5 g) selected from contrasting genotypes were
homogenized in a pre-cooled mortar and pestle with 10 mL of acetone
(80% v/v) and the homogenate was centrifuged for 10 min at 5000g.
Absorbance was measured with a UV–vis spectrophotometer at 663 and
645 nm.
Stress injury to leaves was measured as electrolyte leakage
(Premchandra et al., 1990). Thoroughly washed fresh leaf samples (1 g)
were incubated at 25 °C in 10 mL of deionized water on a rotary shaker
for 24 h and the ﬁrst electrical conductivity of the solution (L1) was
determined. Leaf samples were then autoclaved at 120 °C for 20 min
and the ﬁnal electrical conductivity (L2) was obtained. The electrolyte
conductivity (EL) was calculated as per the equation: EL (%) = (L1/
L2)*100.
2.4. Biochemical estimations
2.4.1. Hydrogen peroxide
Hydrogen peroxide (H2O2) was estimated following the method of
Noreen and Ashraf (2009) where 0.1 g fresh leaf tissue was homo-
genized in 2 mL of 0.1% (w/v) trichloroacetic acid (TCA) in a pre-
chilled mortar, followed by centrifugation at 12,000 × g for 15 min and
the supernatant was collected. Absorbance of the reaction mixture
consisting of 0.5 mL supernatant, 0.5 mL sodium phosphate buﬀer (pH
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7.0) and 1 mL of 1 M KI was read at 390 nm. H2O2 content was de-
termined by using an extinction coeﬃcient of 0.28 μM cm−1 and ex-
pressed as μmol g−1 FW.
2.4.2. Lipid peroxidation
The levels of lipid peroxidation in the tissues of control and treated
plants were quantiﬁed by the estimation of malondialdehyde (MDA)
content, a breakdown product of lipid peroxidation. MDA was de-
termined with thiobarbituric acid (TBA) reaction as described by Heath
and Packer (1968). Leaf tissue (0.3 g) was extracted in 5 mL of 0.1%
(w/v TCA). Following centrifugation, 1 mL aliquot of the supernatant
was mixed with 20% (w/v) TCA containing 0.5% (w/v) TBA, heated at
95 °C for 30 min and cooled on ice. The mixture was subjected to
centrifugation at 10,000 rpm for 10 min followed by measuring the
absorbance of the supernatant at 532 nm. Correction for non-speciﬁc
absorbance was done by subtracting the value at 600 nm. Lipid per-
oxidation was expressed as μmol mL−1 of MDA formed using an ex-
tinction coeﬃcient of 155 mM cm−1.
2.5. Estimation of free proline, soluble sugars and total antioxidant capacity
The acid ninhydrin reaction was used to estimate the free proline
content as described by Rahman et al. (2016). Soluble sugars were
determined using Anthrone method (Dubois et al., 1956). The total
antioxidant capacity assay kit from Oxiselect (Cat. No. STA-360) was
used to determine the copper reducing equivalents in the tissue extract
that are proportional to the total antioxidant power of the plant tissue.
The protein concentration of each sample was determined following the
Bradford (1976) method using BSA as a protein standard.
2.6. Quantitative Real Time PCR (qRT-PCR)
Leaves from each genotype were harvested at the end of heat stress
imposition as mentioned above and frozen in liquid nitrogen. Total
RNA was extracted from the pulverized frozen leaves using the RNeasy
Plant Mini kit (Qiagen, Tokyo, Japan), and quantiﬁed with NanoDrop
ND 1000 Spectrophotometer (USA) followed by DNase treatment using
the Fermentas DNase Kit (Fermentas, Hanover, MD) as per the manu-
facturer's instructions. Two micrograms of DNase-treated RNA and
200 U M-Mulv reverse transcriptase (Invitrogen) were used for ﬁrst
strand cDNA synthesis in a 20 μL ﬁnal volume. Relative Real-time PCR
was performed in a total volume of 20 μL using 5 ng of cDNAs using the
SYBR Green PCR Master Mix (Takara®) on a Realplex Real Time PCR
system (Eppendorf®). Gene-speciﬁc primers for qPCR were designed
using PRIMER3 software with the following parameters: 58–62 °C an-
nealing temperature, 20–22 bp primer length, 45–55% GC content, and
100–200 bp amplicon length (Supplementary Table 1). The analysis
was performed as previously described (Santisree et al., 2011). The
chickpea actin (CaActin) and elongation factor 4 (CaIF4) genes were
used as control genes for normalization of cycle threshold (Ct) values.
Relative fold expression was calculated by 2−ΔΔCt method (Anbazhagan
et al., 2015).
2.7. Protein analyses
2.7.1. Protein extraction
Total protein was extracted from the leaf samples of contrasting
genotypes grown under control and heat stress (42 °C) conditions. One
g tissue was pulverized and homogenized in liquid nitrogen followed by
suspension in 7 mL of extraction buﬀer containing 0.7 M sucrose, 0.1 M
KCl, 100 mM Tris buﬀer at pH 7.2, 50 mM EDTA, 50 mM dithiothreitol
(DTT), 1 mM phenylmethylsulfonyl ﬂuoride (PMSF), and 25 μL of
protease inhibitor cocktail (Sigma-Aldrich, USA). Equal volume of tris-
saturated phenol was added and mixed thoroughly by shaking at 4 °C
for 30 min followed by centrifugation at 20,000g and 4 °C for 30 min.
The upper phenolic phase was extracted twice as described above. The
proteins were precipitated by adding 0.1 M ammonium acetate con-
taining 50 mM DTT followed by centrifugation at 26,200g for 30 min at
4 °C. The protein pellet was washed twice with methanol and once with
acetone containing 10 mM DTT, and ﬁnally dissolved in 50 mM am-
monium bicarbonate. The amount of protein in each sample was
quantiﬁed and normalized for equal concentrations by polyacrylamide
gel electrophoresis. These protein samples were prepared for mass
spectrometry by reduction and alkylation using 10 mM DTT for 30 min
and 25 mM iodoacetamide for 45 min, respectively, followed by over-
night digestion with 2 μg of sequencing grade porcine trypsin
(Promega, USA) at 37 °C (Weinhold et al., 2015). To ensure reprodu-
cibility and accuracy of results, three biological replicates and three
experimental replicates used in this study (three biological replicates *
three experimental replicates * two treatments * two genotypes). Each
sample was analyzed thrice (technical replicate) for minimizing run –to
–run errors.
2.7.2. LCMS analysis, fractionation, MS parameters and data analysis
Following trypsin digestion, the peptide fragments were con-
centrated and reconstituted in 50 μL of 0.1% formic acid.
Approximately 600 ng of each of the protein digests were loaded on to
ACQUITY UPLC BEH C18 Column (Waters; Milford, MA, USA; Pore
size-130 Å, particle size-1.7 μm, internal diameter-2.1 mm, length-
50 mm, pH range-1–12) with a 60-min gradient run. Mobile phase A
(95/5-water/acetonitrile with 0.1% (v/v) formic acid) and mobile
phase B (95/5-acetonitrile/water with 0.1% (v/v) formic acid) were
used to apply gradient for all the samples as follows: 2%–50% B
(0–30 min), 50% B hold (30–32 min), 50%–80% B (32–40 min),
80%–85% B (40–50 min), 2% B hold (50–60 min). The initial ﬂow rate
was 300 nL min−1 of 98% mobile phase A for 1 min. The ﬂow rate was
maintained at 300 nL min−1 and the column temperature was kept at
40 °C. The UPLC-separated peptides were analyzed for MS and MSMS
fragmentation on SYNAPT G2 (Waters, Milford, MA, USA) with ESI
source operated at a voltage of 3.5 kV, dissolution gas ﬂow of 800 L/h
and a capillary temperature of 350 °C. Mass spectra were obtained
through data-dependent acquisition in positive and resolution mode
using the following settings (Da Range: 130–1500 Da; Scan Time: 0.5 s;
Collision Energy: 1. Low Energy: Trap: 6 V, Transfer: 6 V; 2. High
Energy: Trap Collision Energy Ramp: 20–45 V; Transfer Collision
Energy Ramp: OFF; Cone Voltage: 40 V) (Weinhold et al., 2015). Fol-
lowing data acquisition, the continuum LC–MS data were processed and
searched using ProteinLynx GlobalServer version 2.3 (PLGS 2.3; Wa-
ters). Raw data sets were processed incorporating ion detection, dei-
sotoping, deconvolution, and peak lists (*.pkl ﬁles) produced based on
the allocation of precursor ions and fragments with similar retention
times. Components with mass precision of 10 ppm and time tolerance of
0.25 min are typically clustered together. Elevated energy ions with low
energy precursor peptide ions with an approximate precision of
0.05 min were aligned. A downloaded UniProt chickpea database
(http://www.uniprot.org/) was used to search each triplicate run with
the following parameters: Trypsin was chosen as the primary digest
reagent, carbamidomethyl (Cys) as a ﬁxed modiﬁcation and oxidation
(Met) as a variable modiﬁcation, a maximum of one missed cleavage
event and peptide tolerances of ± 50 ppm and 100 ppm for the frag-
ment tolerance. Minimum number of fragment matches for proteins is
5, minimum number of fragment matches for peptides is 2 and
minimum number of peptide matches for protein is 2. Ion scores of
greater than 44 were considered signiﬁcant (p < 0.05). The proteins
were identiﬁed only if they matched at least one unique top-ranking
peptide with an expected value≤0.05. The highest-scoring protein was
selected from the list in cases where a peptide was matched to multiple
proteins. The protein identiﬁcations were based on the detection of at
least three fragment ions per peptide with more than two peptides
identiﬁed per protein with a false discovery rate of 5% (Shen et al.,
2009).
The quantitative analysis of protein abundance was carried out
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using Waters ExpressionE, which is part of PLGS 2.3 based on mea-
suring peptide ion peak intensities noted in low collision energy mode
in a triplicate set. PLGS “autonormalization” function was used for data
normalization where the data were normalized based on inbuilt sta-
tistical analysis taking into account of the intensity of the many con-
sistent qualitatively matched proteins (or peptides). All the processed
protein hits were thus identiﬁed with a conﬁdence of 95%. The peptides
which are identical from each triplicate set per genotype/treated
sample were clustered on the basis of mass precision of 5 ppm and a
retention time tolerance of 0.25 min using an in-built clustering soft-
ware of PLGS 2.3. Proteins which passed the criteria of minimum two
peptides, represented in biological replicates, 1.5-fold up- or down-
regulation and a p-value of less than 0.05 were considered as sig-
niﬁcantly diﬀerent between genotypes/treatments. The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium (Vizcaíno et al., 2014) via the PRIDE partner repository
with the dataset identiﬁer PXD005578.
2.8. Functional annotation and pathway mapping
The identiﬁed proteins were classiﬁed into Gene Ontology (GO)
categories from the UniProt (www.uniprot.org) database. The proteins
were mapped and identiﬁed to the reference canonical pathways of
chickpea in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (http://www.genome.jp/tools). The protein-protein interac-
tion network was built based on the high score corresponding homo-
logous proteins from Arabidopsis database using STRING (http://string-
db.org/) with high conﬁdence interaction score of 0.700 (Szklarczyk
et al., 2015).
2.9. Statistical analysis
The data was analyzed using Sigmaplot (ver.11) based on the mean
and standard error (SE) values in all assays including dose response and
biochemical studies. Statistically signiﬁcant diﬀerences between treat-
ments were determined by one-way ANOVA using the Student-
Newman-Keuls method.
3. Results
3.1. Eﬀect of heat stress on reactive oxygen species, lipid peroxidation and
free proline
A signiﬁcant variation was observed in heat-stress injury between
the two tested chickpea genotypes. The heat stress injury in contrasting
genotypes was assessed in comparison with their respective controls by
various biochemical measurements such as chlorophyll content, MDA
content, electrolyte leakage, reactive oxygen species (ROS) etc. The leaf
chlorophyll content was reduced by heat stress in both the genotypes
than control plants while genotype ICC 16374 exhibited lower total leaf
chlorophyll than JG14 under heat stress (Fig. 1a). Likewise, the leaf
water status also signiﬁcantly decreased due to heat stress in the heat-
sensitive genotype, although not much diﬀerence was observed under
control conditions (Fig. 1b). Heat stress stimulated the accumulation of
MDA and electrolyte leakage compared to controls in both the geno-
types as an indicative of heat-induced lipid peroxidation and membrane
damage (Fig. 1c, d). The electrolyte leakage was 20–25% greater in the
sensitive genotype when compared to the tolerant genotype under heat
stress. Similarly, MDA content also increased (10–15%) in the leaves of
ICC 16374, relative to little damage in the heat-tolerant genotype JG14
(Fig. 1d). The heat induced increase in the level of H2O2 was also at
least two times higher in the sensitive genotype compared to the tol-
erant genotype (Fig. 2a), corresponding to three times in comparison to
unstressed controls. Genotype JG14 showed higher total antioxidant
capacity (TAC) than the sensitive genotype (Fig. 2b), suggesting an
enhanced capacity to control heat-induced oxidative damage. Increased
accumulation of osmolytes in the tolerant genotype was noted where
proline showed a ﬁvefold increased accumulation with enhanced heat
stress in the tolerant genotype, whereas the sensitive genotype accu-
mulated relatively lower proline (three fold) when compared to their
unstressed plants (Fig. 2c). Similarly, under heat stress, soluble sugars
accumulated notably in tolerant genotype than the sensitive one
(Fig. 2d).
3.2. Identiﬁcation of diﬀerentially expressed proteins (DEPs) by
quantitative proteomic analysis
After removing the redundant and invalid identiﬁers from in-
dividual samples, over 1013 proteins in the sensitive and 624 proteins
in the tolerant genotype were identiﬁed under normal growth (control)
conditions, while 1013 and 699 proteins matched to unique ids across
the UniProt database under heat stress in the sensitive and tolerant
genotypes, respectively. To understand the heat tolerance mechanism
in tolerant genotype JG14, it is important to understand the diﬀeren-
tially expressed proteins in tolerant genotype in comparison with the
sensitive one. Hence, the identiﬁed proteins were compared based on
their up- and down-regulation due to the given heat stress treatment.
Only signiﬁcant proteins represented consistently in the biological re-
plicates and showing at least 1.5 fold change in expression were only
used for analysis. Based on the expression, the identiﬁed proteins were
categorized into two groups: 1) heat responsive proteins common in
both genotypes but diﬀerentially regulated and 2) genotype speciﬁc
proteins speciﬁcally present in or absent from tolerant genotype under
heat stress (Fig. 3a).
3.3. Functional cataloging of heat responsive DEPs in both genotypes
Proteins in this category were heat responsive in both the geno-
types, following diﬀerential expression patterns. Out of 154 such heat-
responsive proteins, 94 showed an increase while 60 decreased in
abundance in the tolerant genotype (JG14) when compared to the
sensitive genotype (Fig. 3a; Supplementary data Sheet 1). These sig-
niﬁcantly (P < 0.05; 1.5 fold) up- and down-regulated proteins were
compared based on the number of proteins involved in biological pro-
cess (Fig. 3b). For a better understanding of the proteomic responses
under heat stress, these DEPs were further grouped into various func-
tional categories. A detailed ontological classiﬁcation of total DEPs
resulted in categorization of 132 proteins based on molecular function,
49 proteins based on cellular location and 100 proteins based on bio-
logical processes (Fig. 3c). As expected, some of the diﬀerentially ac-
cumulated proteins were identiﬁed in multiple groups. The analysis
suggested involvement of a majority of these DEPs in various metabolic
processes (35%) and cellular processes (25%) followed by proteins in-
volved in response to stimulus (18%) while the rest involved in single
organism process, biogenesis, and developmental process (Supplemen-
tary data Sheet 1; Fig. 3c). The prediction of subcellular localization of
these DEPs revealed that most of the DEPs were localized to the cell
(24%), organelle (20%), cell membrane (18%) and macromolecular
complexes (9%) (Fig. 3c). STRING analysis indicated considerable in-
teraction networks among the seven photosynthesis related proteins
including NDH-2-platoquinone reductase, photosystem b components,
ribulose-bisphosphate carboxylase large subunit, ATP synthase subunit
A and 11 ribosomal family proteins including 40S Ribosomal Protein
(RP)S3A, S19E, RPS2, RPS7, RPL16A with at least 1.5-fold increase in
the tolerant genotype under heat stress (Fig. 3d). Such interactions of
diﬀerentially expressed proteins were also identiﬁed among heat shock
proteins and aminoacid synthesis related proteins. Our data indicated
that photosynthesis and protein biosynthesis remained intact in the
leaves of tolerant genotype even after exposure to heat stress. The
STRING analysis also suggested that proteins involved in proline and
methionine biosynthesis and heat shock proteins were also showed
strong interactions under heat stress. The proteins altered more than
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ﬁvefold were considered as the most signiﬁcant DEPs and listed in
Table 1. Nevertheless, few heat responsive proteins from both the
genotypes could not be identiﬁed by the UniProt chickpea database and
hence were matched with their corresponding homologous proteins
using Uniprot blast. The proteins with signiﬁcant identities with the
corresponding homologs from other plant species were listed in Table 2.
3.4. Proteins speciﬁc to- and absent from- tolerant genotype under heat
stress
This group represents the genotype speciﬁc proteins that sig-
niﬁcantly changed in their abundance by heat stress in at least one of
the genotypes. A total of 230 proteins present in the sensitive genotype
were undetected or absent from tolerant genotype while 98 unique
proteins were speciﬁcally expressed only in tolerant genotype under
Fig. 1. Eﬀect of heat stress on physiological char-
acteristics of contrasting chickpea genotypes. (a)
Eﬀect of heat stress (42 °C) on leaf chlorophyll con-
tent, (b) leaf relative water content and (c) relative
electrolyte leakage, and (d) lipid peroxidation,
measured as leaf melonaldehyde (MDA) content in
contrasting chickpea genotypes. The leaf tissues were
collected from a minimum of 3 independent plants
and the experiment was repeated three times. Data
are means ± SE of three replications. Asterisk (*)
indicates a statistically signiﬁcant diﬀerence in re-
sponse to the heat treatment (p < 0.05).
Fig. 2. Eﬀect of heat stress on (a) leaf H2O2, (b) total
antioxidant capacity (TAC), represented in arbitory
units, (c) proline and (d) soluble sugar content in
thermally contrasting chickpea genotypes. Leaves
were collected from heat sensitive genotype ICC
16374 and tolerant genotype JG14 grown under
control (27 °C) and heat stressed (42 °C) condition as
described in methods. The values are the
means ± SE (n = 3) of three independent experi-
ments. The asterisk (*) shows signiﬁcant diﬀerences
among genotypes under heat stress at p < 0.05.
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heat stress (Fig. 3a; Supplementary data Sheet 2). Some of the heat-
tolerant genotype-speciﬁc proteins include cystathionine gamma-syn-
thase, abscisate beta-glucosyltransferase, 1-aminocyclopropane-1-car-
boxylate oxidase, photosystem II protein D2 and glutathione perox-
idase. Some of the crucial proteins silenced by heat stress in tolerant
genotype include mitochondrial ATP synthase subunit epsilon, photo-
system II protein D1, nodulin-35, peroxidase 42-like, non-cyanogenic
beta-glucosidase, malate dehydrogenase. The functional classiﬁcation
of these unique and silenced proteins in the tolerant genotype JG14 was
indicated in Fig. 4a & b respectively.
To identify the proteins involved in various metabolic pathways, the
total heat responsive proteins (154 + 230 + 98) in the tolerant geno-
type were subjected to pathway analysis. A total of 202 proteins were
mapped to 207 KEGG IDs, while 43 proteins were associated with
various metabolic pathways (Supplementary Fig. 1). The heat re-
sponsive proteins in tolerant genotype were found to be mainly in-
volved in processes such as synthesis of secondary metabolites (22),
ribosome synthesis (20), photosynthesis (12) oxidative phosphorylation
Fig. 3. Summary of the heat responsive proteins in chickpea (a) Venn diagram depicts the genotype speciﬁc and commonly regulated proteins in contrasting genotype under heat stress.
Numbers shared by two circles represent the proteins shared by the two groups.+ and− indicates the up- and down- regulation respectively. (b) Comparative functional analysis of up-
and down- regulated proteins by heat stress in tolerant genotype. (c) Histogram presentation of gene ontology classiﬁcation of diﬀerentially regulated proteins in tolerant genotype under
heat stress. The identiﬁed proteins were grouped into three main categories: biological process, cellular component and molecular function. The y-axis indicates the number of proteins in
a speciﬁed category. (d) STRING protein interaction analysis of the diﬀerentially regulated proteins in contrasting chickpea genotypes under heat stress. The circled nodes are the highly
active networks under heat stress.
S. Parankusam et al. Environmental and Experimental Botany 141 (2017) 132–144
137
Ta
bl
e
1
Li
st
of
th
e
m
os
t
si
gn
iﬁ
ca
nt
(P
<
0.
05
;
5
–f
ol
d)
D
EP
s
in
th
e
to
le
ra
nt
ch
ic
kp
ea
ge
no
ty
pe
(J
G
14
)
in
co
m
pa
ri
so
n
w
it
h
se
ns
it
iv
e
ge
no
ty
pe
(I
C
C
16
37
4)
un
de
r
he
at
st
re
ss
.
S.
N
o
En
tr
y
Pr
ot
ei
n
na
m
es
M
as
s
(d
al
to
ns
)
G
en
e
on
to
lo
gy
(b
io
lo
gi
ca
l
pr
oc
es
s)
G
en
e
on
to
lo
gy
(c
el
lu
la
r
co
m
po
ne
nt
)
G
en
e
on
to
lo
gy
(m
ol
ec
ul
ar
fu
nc
ti
on
)
PL
G
S
Sc
or
e
Fo
ld
ch
an
ge
a
1.
A
0A
07
6L
22
4
H
ea
t
sh
oc
k
pr
ot
ei
n
99
,0
38
ce
ll
m
or
ph
og
en
es
is
A
TP
bi
nd
in
g
39
7.
94
5.
00
2.
V
5U
P7
7
TI
R
-N
BS
-L
R
R
di
se
as
e
re
si
st
an
ce
pr
ot
ei
n
15
7,
53
9
de
fe
ns
e
re
sp
on
se
;s
ig
na
l
tr
an
sd
uc
ti
on
in
te
gr
al
co
m
po
ne
nt
of
m
em
br
an
e
A
D
P
bi
nd
in
g
29
9.
42
5.
47
3.
E7
BS
D
7
LE
A
4
pr
ot
ei
n
15
,7
45
em
br
yo
de
ve
lo
pm
en
t
84
5.
26
5.
52
4.
A
0A
07
6L
2J
9
H
ea
t
sh
oc
k
pr
ot
ei
n
86
,4
41
A
TP
bi
nd
in
g
43
7.
09
5.
92
5.
G
4X
W
Z2
G
ly
ci
ne
de
ca
rb
ox
yl
as
e
co
m
pl
ex
su
bu
ni
t
T
(F
ra
gm
en
t)
14
,8
52
gl
yc
in
e
ca
ta
bo
lic
pr
oc
es
s
am
in
om
et
hy
lt
ra
ns
fe
ra
se
ac
ti
vi
ty
13
70
.7
7
6.
04
6.
A
0A
06
7X
TG
8
C
C
-N
BS
-L
R
R
di
se
as
e
re
si
st
an
ce
pr
ot
ei
n
16
4,
46
4
de
fe
ns
e
re
sp
on
se
in
te
gr
al
co
m
po
ne
nt
of
m
em
br
an
e
A
D
P
bi
nd
in
g
31
8.
98
6.
48
7.
Q
9S
M
L1
C
yt
oc
hr
om
e
P4
50
m
on
oo
xy
ge
na
se
(F
ra
gm
en
t)
23
,4
76
he
m
e
bi
nd
in
g;
ir
on
io
n
bi
nd
in
g;
m
on
oo
xy
ge
na
se
ac
ti
vi
ty
;
ox
id
or
ed
uc
ta
se
ac
ti
vi
ty
,a
ct
in
g
on
pa
ir
ed
do
no
rs
,w
it
h
in
co
rp
or
at
io
n
or
re
du
ct
io
n
of
m
ol
ec
ul
ar
ox
yg
en
15
0.
96
6.
88
8.
Q
8H
6W
4
C
hr
om
os
om
e
co
nd
en
sa
ti
on
re
gu
la
to
r
pr
ot
ei
n
(F
ra
gm
en
t)
38
,9
46
m
et
al
io
n
bi
nd
in
g
29
0.
76
7.
24
9.
I1
SU
Z1
Su
cr
os
e
sy
nt
ha
se
(E
C
2.
4.
1.
13
)
92
,5
53
su
cr
os
e
m
et
ab
ol
ic
pr
oc
es
s
su
cr
os
e
sy
nt
ha
se
ac
ti
vi
ty
45
9.
5
8.
33
10
.
Q
8W
JD
8
R
ib
ul
os
e-
1,
5-
bi
sp
ho
sp
ha
te
ca
rb
ox
yl
as
e/
ox
yg
en
as
e
la
rg
e
su
bu
ni
t
(F
ra
gm
en
t)
51
,5
51
ca
rb
on
ﬁ
xa
ti
on
;p
ho
to
sy
nt
he
si
s
ch
lo
ro
pl
as
t
m
ag
ne
si
um
io
n
bi
nd
in
g;
ri
bu
lo
se
-b
is
ph
os
ph
at
e
ca
rb
ox
yl
as
e
ac
ti
vi
ty
10
30
.1
9
11
.1
11
.
A
0A
07
6L
4S
6
La
te
em
br
yo
ge
ne
si
s
ab
un
da
nt
pr
ot
ei
n
16
,1
56
97
3.
44
12
.1
12
.
E7
D
23
5
Et
hy
le
ne
re
ce
pt
or
lik
e-
pr
ot
ei
n
84
,9
43
ne
ga
ti
ve
re
gu
la
ti
on
of
et
hy
le
ne
-a
ct
iv
at
ed
si
gn
al
in
g
pa
th
w
ay
en
do
pl
as
m
ic
re
ti
cu
lu
m
m
em
br
an
e;
in
te
gr
al
co
m
po
ne
nt
of
m
em
br
an
e
et
hy
le
ne
bi
nd
in
g;
et
hy
le
ne
re
ce
pt
or
ac
ti
vi
ty
;
ph
os
ph
or
el
ay
se
ns
or
ki
na
se
ac
ti
vi
ty
41
5.
52
12
.4
13
.
Q
9S
M
K
9
Ph
en
yl
al
an
in
e
am
m
on
ia
-ly
as
e
2
(E
C
4.
3.
1.
24
)
78
,3
01
ci
nn
am
ic
ac
id
bi
os
yn
th
et
ic
pr
oc
es
s;
L-
ph
en
yl
al
an
in
e
ca
ta
bo
lic
pr
oc
es
s
cy
to
pl
as
m
ph
en
yl
al
an
in
e
am
m
on
ia
-ly
as
e
ac
ti
vi
ty
19
0.
61
12
.8
14
.
A
0A
06
7X
TB
3
G
ly
co
sy
lt
ra
ns
fe
ra
se
(E
C
2.
4.
1.
-)
54
,3
69
in
te
gr
al
co
m
po
ne
nt
of
m
em
br
an
e
tr
an
sf
er
as
e
ac
ti
vi
ty
,t
ra
ns
fe
rr
in
g
he
xo
sy
l
gr
ou
ps
13
8.
95
12
.9
15
.
Q
9L
EN
6
Pu
ta
ti
ve
un
ch
ar
ac
te
ri
ze
d
pr
ot
ei
n
(F
ra
gm
en
t)
81
,7
37
43
2.
88
13
.3
16
.
B5
LM
N
1
A
TP
sy
nt
ha
se
su
bu
ni
t
al
ph
a,
ch
lo
ro
pl
as
ti
c
(E
C
3.
6.
3.
14
)
(A
TP
sy
nt
ha
se
F1
se
ct
or
su
bu
ni
t
al
ph
a)
(F
-A
TP
as
e
su
bu
ni
t
al
ph
a)
55
,6
79
A
TP
hy
dr
ol
ys
is
co
up
le
d
pr
ot
on
tr
an
sp
or
t;
A
TP
sy
nt
he
si
s
co
up
le
d
pr
ot
on
tr
an
sp
or
t
ch
lo
ro
pl
as
t
th
yl
ak
oi
d
m
em
br
an
e;
pr
ot
on
-t
ra
ns
po
rt
in
g
A
TP
sy
nt
ha
se
co
m
pl
ex
,c
at
al
yt
ic
co
re
F(
1)
A
TP
bi
nd
in
g;
pr
ot
on
-t
ra
ns
po
rt
in
g
A
TP
as
e
ac
ti
vi
ty
,
ro
ta
ti
on
al
m
ec
ha
ni
sm
;p
ro
to
n-
tr
an
sp
or
ti
ng
A
TP
sy
nt
ha
se
ac
ti
vi
ty
,r
ot
at
io
na
l
m
ec
ha
ni
sm
65
5.
3
17
.4
17
.
B5
LM
K
8
R
ib
ul
os
e
bi
sp
ho
sp
ha
te
ca
rb
ox
yl
as
e
la
rg
e
ch
ai
n
(R
uB
is
C
O
la
rg
e
su
bu
ni
t)
(E
C
4.
1.
1.
39
)
52
,6
86
ca
rb
on
ﬁ
xa
ti
on
;p
ho
to
sy
nt
he
si
s
ch
lo
ro
pl
as
t
m
ag
ne
si
um
io
n
bi
nd
in
g;
ri
bu
lo
se
-b
is
ph
os
ph
at
e
ca
rb
ox
yl
as
e
ac
ti
vi
ty
19
13
.5
6
29
.6
18
.
O
82
67
0
Be
ta
-g
al
ac
to
si
da
se
(E
C
3.
2.
1.
23
)
80
,6
55
ca
rb
oh
yd
ra
te
m
et
ab
ol
ic
pr
oc
es
s
be
ta
-g
al
ac
to
si
da
se
ac
ti
vi
ty
21
9.
15
43
.3
19
.
V
9P
J0
1
W
A
T1
-r
el
at
ed
pr
ot
ei
n
43
,2
68
in
te
gr
al
co
m
po
ne
nt
of
m
em
br
an
e
tr
an
sm
em
br
an
e
tr
an
sp
or
te
r
ac
ti
vi
ty
36
1.
27
80
.6
20
.
A
0A
06
7X
V
F0
U
D
P-
gl
yc
os
yl
tr
an
sf
er
as
e
52
,0
72
tr
an
sf
er
as
e
ac
ti
vi
ty
,t
ra
ns
fe
rr
in
g
he
xo
sy
l
gr
ou
ps
64
1.
73
0.
00
4
21
.
O
65
72
9
60
S
ri
bo
so
m
al
pr
ot
ei
n
L1
8
(F
ra
gm
en
t)
20
,6
43
tr
an
sl
at
io
n
ri
bo
so
m
e
st
ru
ct
ur
al
co
ns
ti
tu
en
t
of
ri
bo
so
m
e
28
05
.9
4
0.
03
22
.
A
0A
08
9W
W
G
7
Th
au
m
at
in
20
,1
27
62
9.
32
0.
03
23
.
Q
9X
G
L7
C
yt
oc
hr
om
e
P4
50
59
,5
24
he
m
e
bi
nd
in
g;
ir
on
io
n
bi
nd
in
g;
m
on
oo
xy
ge
na
se
ac
ti
vi
ty
;
ox
id
or
ed
uc
ta
se
ac
ti
vi
ty
,a
ct
in
g
on
pa
ir
ed
do
no
rs
,w
it
h
in
co
rp
or
at
io
n
or
re
du
ct
io
n
of
m
ol
ec
ul
ar
ox
yg
en
38
2.
86
0.
09
24
.
Q
9S
X
S9
C
ha
lc
on
e-
ﬂ
av
on
on
e
is
om
er
as
e
fa
m
ily
pr
ot
ei
n
(F
ra
gm
en
t)
15
,3
65
ﬂ
av
on
oi
d
bi
os
yn
th
et
ic
pr
oc
es
s
ch
al
co
ne
is
om
er
as
e
ac
ti
vi
ty
13
95
.3
6
0.
12
25
.
V
5T
IM
6
N
BS
-L
R
R
pr
ot
ei
n
99
,4
83
de
fe
ns
e
re
sp
on
se
A
D
P
bi
nd
in
g
33
4.
41
0.
13
26
.
Q
9L
EN
3
Pu
ta
ti
ve
un
ch
ar
ac
te
ri
ze
d
pr
ot
ei
n
(F
ra
gm
en
t)
10
,3
33
de
fe
ns
e
re
sp
on
se
;r
es
po
ns
e
to
bi
ot
ic
st
im
ul
us
13
83
.9
2
0.
14
27
.
O
81
92
4
G
ly
ce
ra
ld
eh
yd
e
3-
ph
os
ph
at
e
de
hy
dr
og
en
as
e,
cy
to
so
lic
(E
C
1.
2.
1.
12
)
(F
ra
gm
en
t)
20
,7
86
gl
yc
er
al
de
hy
de
-3
-p
ho
sp
ha
te
de
hy
dr
og
en
as
e
(N
A
D
+
)
(p
ho
sp
ho
ry
la
ti
ng
)
ac
ti
vi
ty
36
6.
88
0.
16
28
.
A
0A
06
0A
8V
4
A
sp
ar
ti
c
pr
ot
ei
na
se
54
,9
58
as
pa
rt
ic
-t
yp
e
en
do
pe
pt
id
as
e
ac
ti
vi
ty
56
9.
04
0.
16
29
.
Q
9L
EN
5
Pu
ta
ti
ve
un
ch
ar
ac
te
ri
ze
d
pr
ot
ei
n
(F
ra
gm
en
t)
54
,9
35
tr
an
sp
or
t
in
te
gr
al
co
m
po
ne
nt
of
49
7.
81
0.
18
(c
on
tin
ue
d
on
ne
xt
pa
ge
)
S. Parankusam et al. Environmental and Experimental Botany 141 (2017) 132–144
138
(7), amino acid biosynthesis (5), starch and sucrose metabolism (3). In
addition, proteins encoding enzymes such as acidic endochitinase-like
(EC:3.2.1.14), P5CS; delta-1-pyrroline-5-carboxylate synthase-like,
PAL2; phenylalanine ammonia-lyase 2-like (EC:4.3.1.24), sr5a; very-
long-chain enoyl-CoA reductase-like, proteasome subunit beta type-5-
like (EC:3.4.25.1), monodehydroascorbate reductase (EC:1.6.5.4),
threonine synthase 1, chloroplastic (EC:4.2.3.1), SAMS; S-adeno-
sylmethionine synthase-like (EC:2.5.1.6) were identiﬁed to be mainly
involved in inducing heat stress tolerance in JG14.
3.5. Proteins related to photosynthesis and energy metabolism
Several crucial proteins related to photosynthesis and energy me-
tabolism were found to be up-regulated under heat stress in the geno-
type JG14 (Supplementary data Sheet 1). These included ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit, photosystem I
P700, chlorophyll a apoprotein A2 and fructose-bisphosphate aldolase
(Supplementary data Sheet 1). Apart from photosynthesis, proteins in-
volved in the carbon metabolism and tricarboxylic acid (TCA) cycle
such as cytochrome b6, cytochrome f and ATP synthase alpha and beta
subunits were also up-regulated in the tolerant genotype, possibly to
provide more energy under heat.
3.6. Signal transduction and heat shock proteins
This study could identify some proteins with proven role in heat
tolerance. Proteins such as heat shock proteins, GDP dissociation in-
hibitor, ethylene receptor-like and NBS-LRR proteins were observed to
be up-regulated in the tolerant genotype under heat stress, thereby
suggesting an increased heat stress–induced intracellular transport and
signal transduction (Supplementary data Sheet 1). In addition, a
number of protein kinases such as MAP kinases, which can profoundly
inﬂuence survival, were activated in the tolerant genotype by heat
stress (Supplementary Fig. 2) These MAP kinases can modulate various
defense responses such as maintenance of ROS levels, ethylene synth-
esis etc.
3.7. Proteins involved in nucleic acid metabolism and translation
Heat stress is known to induce signiﬁcant changes in nucleic acid
metabolism and accumulation of ribosomal proteins (Supplementary
data Sheet 1 & 2). Nascent polypeptide-associated complex (NAC) fa-
mily transcription factor 4 involved in transcription was up-regulated in
tolerant genotype upon heat stress. In fact, heat stress enhanced the
accumulation of speciﬁc ribosomal proteins in the tolerant genotype,
suggesting composition of the ribosomes as an important event for
adaptation of stress challenges. Ribosomal protein S2, S4, S7, L33, L24
and GTP-binding nuclear protein involved in ribosome biogenesis in
eukaryotes were also up-regulated in the heat-tolerant genotype.
3.8. Metabolism related proteins
This study uncovered several heat-induced proteins involved in a
variety of metabolic pathways in the heat-tolerant genotype JG14
(Supplementary Fig. 1). Some of those important enzymes included
cystathionine gamma-synthase, 1-aminocyclopropane-1-carboxylate
oxidase, abscisate beta-glucosyltransferase were exclusively appeared
in the tolerant genotype under heat stress. Acetyl-CoA carboxylase beta
subunit that may be involved in the regulation of membrane lipids;
inositol-3-phosphate synthase-like, and ribulose-1,5-bisphosphate car-
boxylase/oxygenase involved in photosynthesis; UDP-glucuronic acid
decarboxylase 6-like, sucrose synthase related to sugar metabolism;
ﬂavoprotein WrbA and phenylalanine ammonia-lyase 2-like protein
involved in biosynthesis of secondary metabolites were also heat re-
sponsive in the tolerant genotype. While legumin was up-regulated, the
nodulation signaling pathway 2 protein was down-regulated by heatT
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stress in the tolerant genotype.
3.9. Cell wall components and membrane transporters
An important element in heat stress tolerance is membrane lipid
saturation. The up-regulation of beta glactosidase, pectinesterase 3-like
and UDP-glucuronic acid decarboxylase 6-like suggested enhanced cell
wall reorganization events in JG14 compared to the sensitive genotype
(Supplementary data Sheet 1). The proteins such as WAT-1, GDP dis-
sociation inhibitor, ATP synthase subunits were increased in abundance
in JG14 suggesting enhanced transport activities across membranes
under heat stress.
3.10. Enhanced amino acid metabolism related proteins
Amino acids are precursors for a large array of proteins and meta-
bolites vital during extensive metabolic shifts under heat stress condi-
tion. The key enzymes in amino acid synthesis such as methyltetrahy-
dropteroyltriglutamate–homocysteine methyltransferase catalyzing the
synthesis of methionine and cysteine; delta-1-pyrroline-5-carboxylate
synthase (P5CS) involved in proline and arginine synthesis; phenyla-
lanine ammonia-lyase involved in aromatic amino acid synthesis were
enhanced in JG14 under heat stress, in contrast to S-adenosylmethio-
nine synthase (SAMS) that decreased in abundance (Supplementary
data sheet 1).
3.11. Proteins involved in response to stimulus and signaling
Plant hormones such as abscisic acid and ethylene are known to
play a vital role in plant adaption to adverse environmental conditions.
However, hormonal content, compartmentalization and homeostasis
may vary depending on the stress condition and this reﬂects in the
plant’s response to stress. Several essential proteins such as TIR-NBS-
LRR-disease resistance protein, 1-amino-cyclopropane-1-carboxylic
acid oxidase, ethylene receptor protein, putative ABA-responsive pro-
tein and peroxidases were induced by heat in tolerant genotype JG14,
thereby strongly supporting its ability to survive during prevailing heat
stress condition (Supplementary data Sheet 1).
Table 2
Closest homologue of unknown heat-responsive DEPs search by BLASTP (http://www.uniprot.org/blast/).
Accession Gene id Homologue Name Species Identity (%) E-value
C5YH85 8060900 Putative uncharacterized protein Sb07g025360 Sorghum bicolor 100 1.9E-106
A0A151RA37 Traﬃcking protein particle complex subunit 2-like protein Cajanus cajan 99 1.8E-70
B7FN82 11416940 Mps one binder kinase activator-like protein 1A Medicago truncatula 99 7.4E-137
A0A151TAA0 11417595 Amino acid kinase family protein Medicago truncatula 96 1.2E-148
G7L1T5 11431330 O-linked GlcNAc transferase-like protein Medicago truncatula 96 3.4E-67
A0A072U6I0 25495273 SPFH/band 7/PHB domain membrane-associated family protein Medicago truncatula 95 0
A0A072VCU5 25487969 SNAP receptor complex protein Medicago truncatula 94 4.3E-118
A0A072UG57 25495117 Coiled-coil vesicle tethering-like protein, putative Medicago truncatula 93 6.7E-68
A0A072UZJ4 25489487 Purple acid phosphatase Medicago truncatula 91 2.2E-145
A0A072UT48 25488601 Disease resistance protein (TIR-NBS-LRR class), putative Medicago truncatula 88 2.4E-91
G7LCN6 11446200. Calcium-dependent lipid-binding (CaLB domain) family protein Medicago truncatula 85 230E-87
G7IMZ2 11420052 Disease-resistance response protein Medicago truncatula 83 4E-47
A0A151U4W0 Transcription factor bHLH96 Cajanus cajan 82 2.3E-89
I1NGP3 11411651 Molybdenum cofactor sulfurase Medicago truncatula 82 3.8E-96
A0A072UHJ3 25491230 Pyridoxamine 5′-phosphate oxidase family protein Medicago truncatula 81 0
G7LDJ8 11439883 Cytochrome P450 family protein Medicago truncatula 81 7.5E-63
Q2PF01 Putative cytosolic factor Trifolium pratense 81 0
G7LBG6 11406035 Trehalose-6-phosphate synthase domain protein Medicago truncatula 81 7E-80
A0A072TGZ0 25480207 BAG family molecular chaperone regulator-like protein Medicago truncatula 81 2.1E-139
Fig. 4. Pie charts illustrating the assignment of the heat responsive proteins present (a) and absent (b) from heat stressed tolerant genotype in comparison with sensitive genotype to
functional groups according to biological processes. The classiﬁcation was according to Uniprot ontology.
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3.12. Correlation between protein and mRNA levels of selected proteins
To ascertain whether the changes in protein abundance are related
to changes at the transcriptome level, mRNA expression of some of the
signiﬁcant candidate DEPs were analyzed using real time-PCR (Fig. 5).
In both the tested genotypes, the mRNA expression of, sucrose synthase,
heat shock protein, LEA, PAL2, and aspartic proteinase changed sig-
niﬁcantly in the leaves upon heat stress treatment. While enhanced
expression of heat shock protein, RuBisCO, PAL2, sucrose synthase,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and LEA genes
were observed in JG14, the expression of aspartic proteinase was down
regulated at both transcript and protein levels. However, the heat in-
duced mRNA expression of SAMS in JG14 did not correlate with the
reduced protein abundance in response to heat stress (Fig. 5).
4. Discussion
The mechanisms to tolerate heat involve changes in morphological,
physiological and molecular events that often vary among genotypes
(Huang and Gao, 1999). Thus, understanding these key diﬀerences
among genotypes can provide valuable insights for devising strategies
for improving crop performance. Most of the studies on heat stress in
chickpea have mainly focused on physiological or transcriptomic ap-
proaches (Wang et al., 2006; Kumar et al., 2012; Kudapa et al., 2014).
However, since protein metabolic processes, including synthesis and
degradation, are most sensitive to rising temperatures, proteomics re-
search on heat stress could greatly contribute to the understanding of its
consequences. Hence, the present study characterized proteins to illu-
minate the genotype-speciﬁc modulation of leaf proteome in response
to heat stress in contrasting chickpea genotypes. In this study a set of
482 heat responsive proteins were identiﬁed in the tolerant genotype
(Fig. 3a; Supplementary data sheet 1 & 2). While, some of these heat
responsive proteins were common to both genotypes and signiﬁcantly
altered in their expression. Several metabolic proteins such as mono-
dehydroascorbate reductase, pectinesterase 3, phenylalanine ammonia-
lyase 2-like, cystathionine gamma-synthase, adenosylmethionine syn-
thase, NADH dehydrogenase subunit, Cytochrome b6, inositol-3-phos-
phate synthase, RNA polymerase, ATP synthase subunit alpha, NBS-LRR
protein etc. appeared to be strongly related to heat response in
chickpea. Additionally, a number of genotype-speciﬁc and heat stress-
responsive proteins identiﬁed in our study may oﬀer possible candi-
dates for augmenting tolerance against heat stress. Nevertheless, these
could be classiﬁed into three categories based on their expression. 1)
Proteins enhanced in abundance in tolerant genotype but reduced in
sensitive genotype, such as PAL 2, beta galactosidase, glucanase, su-
crose synthase, WAT1 like transporter etc., 2) Proteins that are induced
in heat sensitive genotype but repressed in the tolerant one for example,
SAMS, monodehydroascorbate reductase etc. 3) Lastly, several proteins
under heat stress were speciﬁc to one genotype and not expressed in the
other. For example, cystathionine gamma-synthase, 1-aminocyclopro-
pane-1-carboxylic acid oxidase, abscisate beta-glucosyltransferase, ﬂa-
voprotein etc. expressed in the tolerant genotype, whereas others such
as adenosylhomocysteinase, malate dehydrogenase expressed only in
the heat-sensitive genotype. The quantitative and comparative pro-
teome proﬁling of contrasting chickpea genotypes revealed approxi-
mately 154 heat-induced DEPs from category 1 & 2 that are involved in
a number of biological processes, including proteins coding for cell
wall-modifying enzymes, heat shock proteins and amino acid bio-
synthesis.
High temperatures negatively aﬀect various physiological processes
including photosynthesis, primary and secondary metabolism, lipids,
and hormone signaling (Bita and Gerats, 2013). Photosynthetic pro-
cesses being directly related to plant productivity are often more sen-
sitive to heat stress and hence considered as priority for crop im-
provement studies. Several studies have demonstrated decrease in the
abundance of photosynthesis and carbon metabolism related proteins as
a main consequence of heat stress in plants (Li et al., 2013; Rocco et al.,
2013). RuBisCO catalyzes the most crucial step of carbon ﬁxation. In
our study, we found up-regulated RuBisCO proteins in the tolerant
genotype, possibly due to the enhanced photosynthesis in the tolerant
genotype when compared to the sensitive genotype under heat stress.
Further, some other photosynthesis related proteins were also found to
be abundant in tolerant genotype, included fructose-bisphosphate al-
dolase, a key enzyme involved in maintaining the CO2 assimilation rate
through RuBP regeneration, which is in line with previous reports (Li
et al., 2013). Similarly, increased abundance of photosystem (PS) I
P700 and chlorophyll a apoprotein A2 were indicative of stable pho-
tosystem I in the tolerant genotype under heat stress. However, it will
be diﬃcult to rule out the possible impact of diﬀerential light intensities
under natural sunlight vis a vis the artiﬁcial light source in growth
chambers on the accumulation of chlorophyll and expression of these
light responsive proteins. This calls for further validation of function of
these DEPs to elucidate their role in the thermo-tolerance of chickpea.
Heat-induced reduction in carbon ﬁxation and the consequent
oxygen evolution result in the generation of harmful ROS. The pro-
duction of ROS leads to membrane damage accompanied by ion leakage
that is detrimental to chlorophyll and the photosynthetic apparatus,
thereby resulting in diminished plant productivity (Camejo et al.,
2006). In our study, a signiﬁcant reduction in the H2O2 content and
increased total antioxidant capacity was noticed in the tolerant geno-
type, which was also reﬂected in better water and chlorophyll content
in leaves, suggesting that protection against injuries due to oxidative
Fig. 5. The correlation of mRNA and protein expression levels of few
selected most signiﬁcant DEPs using quantitative real time-PCR. The
logarithmic base 2 transformed fold change values of tolerant vs
sensitive under heat stress (42 °C) of protein and mRNA are plotted as
graph. SMAS: S-adenosyl methionine synthase, GAPDH: glycer-
aldehyde 3-phosphate dehydrogenase, RuBisCO: ribulose-1,5-bispho-
sphate carboxylase/oxygenase, PAL; phenylalanine ammonia-lyase,
LEA: late embryogenesis abundant protein.
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stress is a major heat stress survival mechanism in chickpea. In contrast,
a substantial impact of high temperature on the sensitive genotype of
chickpea was evident by enhanced electrolyte leakage, and high MDA
and H2O2 content upon stress imposition when compared to the tol-
erant genotype, associating this response to increased lipid peroxida-
tion, and protein degradation (Savchenko et al., 2000). The diverse
expression patterns of a number of peroxidase isoforms are suggested to
be involved in various physiological and stress responses (Choi and
Hwang, 2012). While the diﬀerent peroxidases exhibited diﬀerential
expression to heat stress in the tolerant chickpea genotype, mono-
dehydroascorbate reductase was down-regulated. The reduced mono-
dehydroascorbate reductase and peroxidases are an indicative of the
lower oxidative stress in the tolerant genotype. The up-regulated per-
oxidase might be involved in ROS scavenging, and in cell wall
strengthening. Increased membrane ﬂuidity due to heat stress lead to
disruption of membrane transport, Ca2+ inﬂux and cytoskeletal re-
organization aﬀecting the signal transduction and transport
(Hasanuzzaman et al., 2013). Based on our results, we speculate that
the tolerant genotype appeared to have relatively higher membrane
integrity as evident by lower MDA levels, reduced electrolyte leakage
and abundance of membrane reorganization proteins such as acetyl-
CoA carboxylase, pectin esterase etc. thereby reduced heat stress injury
to membranes.
In agreement with the previous reports, our results suggest that the
accumulation of osmoprotectants could be another strategy adopted by
the tolerant genotype to cope with heat stress in chickpea (Bhatnagar-
Mathur et al., 2009). A remarkable increase in proline content in the
tolerant genotype correlated well with enhanced expression of P5CS.
While heat stress hastened the decline in chlorophyll content with a
consequent reduction in photosynthesis and carbohydrate availability
in the sensitive chickpea genotype, a greater reducing sugar content,
which can increase carbon availability and osmoprotection during
various events of stress adaption, was observed in the tolerant genotype
(Kaushal et al., 2013). Similarly, a greater expression of sucrose syn-
thase at mRNA and protein levels was observed in tolerant chickpea
genotype, which is in agreement with previous studies where the ac-
cumulated thermo-protectant metabolites were shown to be due to the
up-regulation of sucrose synthase in thermo-tolerant Agrostis grass
species (Xu and Huang, 2008). Heat stress induced repression of sucrose
synthase and other invertases in the developing pollen grains often
account for reduced soluble sugars in many crop plants such as
chickpea, tomato and wheat (Yan et al., 2008). In support of this no-
tion, we also observed an increased abundance of sucrose synthase and
subsequent accumulation of soluble sugars in the tolerant genotype
reasserting its probable role during heat stress tolerance. This may
ensure successful fertilization events due to the sustained pollen via-
bility even under heat stress that translates into the enhanced pod set
and yield reported earlier in tolerant genotype (Krishnamurthy et al.,
2011). In addition to this, prolonged heat stress even after fertilization
often results in erroneous embryo development leading to reduced seed
vigor and germination ultimately aﬀecting seedling establishment (Bita
and Gerats, 2013). However, in the present study, the abundance of
LEA proteins and heat shock proteins in the tolerant genotype of
chickpea substantiate the protecting mechanisms to the prevailing heat
and drought conditions.
Another well-known aspect of heat-induced damage is the disrup-
tion of nucleic acids and macromolecules resulting in altered tran-
scription. In fact, an enhanced accumulation of speciﬁc ribosomal
proteins was observed in tolerant chickpea genotype suggesting that the
protection of synthesis and synthesis of diﬀerent sets of proteins is an
important event for adaptation to stress challenges. An increased
abundance of few enzymes catalyzing the synthesis of aminoacids such
as 5-methyltetrahydropteroyltriglutamate–homocysteine methyl-
transferase, cystathionine gamma-synthase, threonine synthase, P5CS
suggests the resumption of protein synthesis that contribute to the
biomass and nutritional quality of the crop. Some of these amino acids
in the heat tolerant genotype also serve as precursors for a number of
signaling molecules such as nitric oxide, hydrogen sulphide, ethylene
and polyamines. However, a decreased abundance of SAMS indicated
inhibition of ligniﬁcation or polyamine accumulation by heat stress
even in the tolerant genotype as was observed previously in rice (Xu
and Huang, 2008). Nonetheless, the mRNA expression of SAMS in tol-
erant genotype did not correlate with the observed protein levels in
response to heat stress (Fig. 5). This low correlation might be due to the
diﬀerence in the half-life of mRNA and protein, post translational reg-
ulation, diﬀerential gene expression of diﬀerent copies of the same
gene, or could be a signiﬁcant noise in quantitative measurement of
mRNA and proteins. Many previous studies on heat stress in plants have
assigned a central role to the heat shock proteins (HSPs) for augmenting
stress tolerance (Wang et al., 2014) that serve as molecular chaperones
in protecting vital proteins. Similarly, the protective functions of LEA
proteins have been proposed in various stress tolerance responses (Gao
and Lan, 2016). These have distinct mechanism from regular molecular
chaperones in protection of proteins and cellular structures from stress
damage. Moreover, a repression of proteases such as cysteine protease
was also observed in the tolerant genotype indicating reduced protein
degradation under heat stress.
Key proteins in the phenylpropanoid pathway such as PAL2, chal-
cone synthase, anthocyanidin 3-O-glucosyltransferase were also in-
duced by heat stress to a greater extent in the tolerant genotype. Heat
induced activation of PAL and subsequent accumulation of phenolics
were also reported previously in tomato as part of its acclimation to
heat stress (Rivero et al., 2001). PAL is responsible for biosynthesis of
several secondary metabolites like lignins, anthocyanins and ﬂavanols
that are generally involved in stress defence and hormone biosynthesis.
In addition, several crucial proteins exhibited genotype speciﬁc ex-
pression contributing to diﬀerential response to heat stress (Supple-
mentary data sheet 2).
Our study underscored the role of proteins involved in various vital
pathways such as photosynthesis, electron transport, and amino acid
metabolism serving as important molecular components in heat stress
tolerance. The data suggested that heat tolerance mechanisms in
chickpea is potentially characterized by an increased carbon assimila-
tion, induction of heat shock proteins in conjunction with higher levels
of antioxidants and osmolytes. These possibly maintained integrity of
membranes, protected macromolecules and sustained metabolism,
leading to heat acclimatization. Correlation of protein expression with
transcript levels also suggested a coordinated and mechanistic approach
towards heat stress tolerance in chickpea. Nevertheless, for bio-
technological applications further characterization on regulation and
post-translational modiﬁcations of these candidate proteins, their spe-
ciﬁc roles in heat stress tolerance need to be undertaken. Our eﬀorts on
molecular dissection of these mechanisms has not just advanced our
understanding of heat tolerance associated factors/proteins, but would
also be imperative for increasing the pace of crop improvement eﬀorts
and successful deployment of robust technologies. Notwithstanding,
addressing multigenic traits like heat tolerance requires holistic ap-
proaches that integrate classical phenotyping and breeding strategies
with the modern technologies there by eﬀectively linking the “protein
to phenotype” in order to achieve comprehensive understanding at a
systems level. Moreover pyramiding genes for key component traits
would be critical to achieve the required on-ground tolerance in the
context of the ensuing climate change.
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